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ABSTRACT

“Nuclear modeling of (n,x gamma) reactions and determination of partial cross sections”

This talk would describe nuclear reaction modeling work in collaboration with
experimental measurements at Los Alamos' GEANIE array. The GEANIE array is able to
measure discrete gamma-rays in the deexcitation of residual nuclei produced following
neutron-induced reactions, using time-of-flight with a white neutron spectrum. We have
studied reactions on a range of target nuclides including actinides (e.g. 239Pu, 235,8U) as
well as dosimetry materials (e.g. Y89, 193Ir). Since GEANIE is unable to measure all -
deexcitation gamma-rays, nuclear modeling and theory is needed to augment the
measurements. This allows the gamma-ray data to be understood in terms of direct,
preequilibrium, Hauser-Feshbach, fission, and capture mechanisms, and allows reaction
channel cross sections to be inferred. The work also involves a study of the excitation of
isomers, and reactions on nuclei away from stability, in nuclear reactions.



Nuclear modeling of (n,x v) reactions &

Determination of partial cross sections

‘Mark B. Chadwick
Theoretical Division, Los Alamos National Laboratory

| Prihcipal co_llabOrators: Marshall Blann, Ron Nelson, Paul Garrett,
- Patrick Talou, Pavel Oblozinsky, Phil Young

Overview: | .

* LANSCE (n,xy) experiments

* Nuclear model calculations (GNASH, HMS)

* Recent work on 239Py, 193], 89Y, Zr,235m{J Mo, Pt

* Angular momentum conservation; HMS preequilibrium
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« Previous ?*°Pu(n, 2n) data discrepaht |

« New approach uses both experiment and theory

« GEANIE experiment measures characteristic partial ’y
rays in 28Pu

« Theory predicts fraction of measured to total (n,2n)

« We also study n+23°U reactions as a surrogate for Pu



Why a-priori theory calculations fail for 239Pu(n,2n):
The reaction x/s is not known precisely; & the fission x/s is large

n+'Ir cross sections
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. For a non- f|SS|onabIe heavy nucleus the (n,2n) x/s |s
~ alarge fraction of the total reaction x/s |

. For plutomum fission is a large cross sectlon and
- (n,2n) is small

 Small uncertainties in the npnelastic (reaction) cross
section lead to large uncertainties in (n,2n)



Nuclear theory

Los Alamos: MBC and Phil Young, T-16. The final results are
based on the Los Alamos calculations. |

e Extensive previous experience in modeling and evaluat-
ing reactions on actinides

e Tested our codes against prevmus LANSCE/W NR mea-
~surements of (n, zn7y); extensive work on modellng,_lso-
mer production | R

leermore Frank Dletrlch Hong Chen, Erzch Ormand

‘o Provided peer-rewew to LANL theory

e Determined that the original LLNL modeling cbdeS un- o
reliable. After LLNL adopted a new code, we have been |
able to obtain identical results between LANL and LLNL
codes using the same input parameters
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Theory: competition‘ between fission and neutron decay

i Fission Fis F ssion
* Coupled-channel optical | . 4 AW Fission g Fi
potential for neutrons | FEv;p::::-br >
: _ preeq ibriurrg— i

* Experimental fission data
constrain calculations:
— 240239Py barriers from (n,f)

— 2Py barrier from (PHe,df)  n+®°%Pu—»2py —» 23py - 238py
. . ' . +Nn +Nn
— Moller-Nix calculated barriers

- | | 4 Double-humped
* Angular momentum effects Potential |~ fission-barrier
ia :

important; y-ray branching , energy | == == Transition states
ratios from measurements | ' o
(discrete levels) and from -
Giant Resonance models

—
- Deformation -

Los Alamos



Testing nuclear model calculations using measured data

Inelastic scattering, in competition with (n,2n), can be validated through
comaprisons with high-energy neutron emission data:
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14 MeV Pu(n Xn)
(angle—integrated spectrum)

e Kammerdiener, LLNL (1972), **U data
o Baba (1989), U data

do/dE (mb/MeV) =
o

10" L —- Fission neutrons, **U (Madland-Nix, 1982) 1
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Total spectrum
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Fission, in competition with (n,2n), is important to model correctly. Fis-
sion barriers initially taken from measurements, but subsequently tuned to fit
(n,zf) data:
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Ratio

Theory contribution to (n, 2n)

"The GEANIE experiment measured 6 independentd-

rays. To infer the total (n, 2n) cross section, we use :

O.theory (,n, 27’2,)

i 03" (n, 2ny)

o(n,2n) = £o7(n, 2n7)
1 .

- By summing 6 y-rays, we use as much of the_expéri’-
mental information as possible, and mitigate against weak-
nesses in the predictions of individual gamma-rays .

Predicted ratio of measured (n,2m) to (n,2n),,,
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Cross section (b)

Cross section (b)

Optical model for n+**Pu
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Evaluated 2°Pu(n, 2n) data

. Use GEANIE data, and Lougheed data near 14 MeV

.. Do not use Frehaut data because of threshold behaviour
. At 11 MeV, use LLNL Anderson/Bauer/Navratil value
. Perform a covariance analysis of these data.

“*Pu(n,2n) Evaluation
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New n + 23%Pu ENDF cross section evaluation, T-16

(experiment and theory both crucial)
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'_“93Ir(n,n’), 5.5-, 10 day isomer production
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Cross section (mb)
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Cross section (b)
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Hybrid Monte Carlo Simulation (HMS)
Preequibrium Model |

* Blann (Prcs4, 1341, 1996): dXs energy spectra
~* Blann and Chadwnck (PRC57 233, 1998): ddXs energy-angle

‘spectra
* Blann and Chadwick (PRC6203,4604 (200)) cluster pro;ectlles

* Chadwick and Blann (ND2001) ang mom, reconls ,CMm- >Iab

- Included in Monte Carlo version of ALICE (Blann)

- Implemented in ddxs.f (Chadwick), and distributed via WPEC
nuclear models collaboration (Herman, Oblozinsky, .)

- Recently used ina Los Alamos project to create an actlvatlon
“cross sectlon database mcludlng Isomer productlon |

NIOR — — - ‘/ofovsAlamos.



Hybrid Monte Carlo Simulation (HMS):
- Physics advantages |

* Event-based, easil‘y allowing exclusive cross sections to
be determined and gates to be set (correlations)

* Each successive nucleon scattering produces a new |
- 3-exciton configuration (avoiding higher order p-h densities
inconsistent with 2-body scattering (Bisplinghoff) )

for unlimited | 160 MeV Zr(p.xn) |
| p a rtl CI e em l sSs | on 10’ - (Muttiple precqmpound spectra contributions)

e Comprehensive
modeling of all
reaction mechanisms

ds/dE (mb/MeV)

RO VN

* Recoils, and cm->lab |
B . 1 S E— JEUSUUPUUI. PO S S S S
transformations " 0 ® @ e ontrgy (Mavy 010

TAV,A’% _ ' — /o{lozc,Alamos




Hybrid Monte Carlo Simulation (HMS):
Examples of emission spectra modeling

. Nucleoh spectra: Theory ‘aCcou'nts for the energy-and
angular-dependence of the spectra

o Cluster projectileS' 60-70% of the reaction cross sections
lead to the collisions in which the alpha might dissolve" in

the fleld of the nucleus

]
= Stamer (1993)
| MSesmemn 256 MeV Pb(pxn) |
10° 4 « Meier (1990} - 7.5%(x10)-
M

10" Lo e R | ﬁ RPN .
TOO

Emrssnon energy (MeV)

ds/de (mb/MeV)

10°
102 8 “Nb(a,p) |
.- . (inclusive spectrum)

10’ ~

10° ' :

2 D — HMS ). .
10 - -2 HMS (no reduction) . .
) © Hybria - “ :
103 . N — . . 18]
0 10 20 - 30 40 50

e, (Mev) -

« Los Alamos



Hybrid Monte Carlo Simulation (HMS): :
Angular momentum spin transfer (with Oblozinsky)

~* Needed to Couple HMS to Hauser-Feshbach codes (e.g.

GNASH, EMPIRE)

* Important for modeling spin-dependent observables
- isomer production - -
- discrete gamma-rays in final decaying nuclei
(and nuclear reaction mechanisms with GEAN IE)
- fission probabilities

* We assume semi-classical r x p,.with_'the impact parameter
taken from’a Fe_rmi distribution, or inferred from ;vthe OM

e As the emission energy ihcreases, correspOnding to
typically forward-peaked angular dis_tribution-preequilibrium B
- particles, the spin distribution of the residual nucleus

peaked at increasingly low spins

NISH — — %LlojsAlamos
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Probability (dimensionless)
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Cross section (mb)
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